This article presents a summary of overlapping presentations by the author to the QCD Evolution 2013 Workshop (Jefferson Lab,
1.
Introduction to Kane-Pumplin-Repko Factorization-symmetries, idempotent projection operators and superselection in quantum field theory.
In "The Adventure and the Prize" [1] the author discussed the close connection found in non-perturbative QCD between transverse single-spin observables and the complex dynamics of color confinement combined with the dynamical breaking of chiral symmetry. Since the publication of that paper, there have been significant developments that suggest it is appropriate to revisit in more detail the implications of KPR factorization for the high-precision measurements presented there. One notable development consists of the stage-1 approval for a measurement of ↑ ⇒ in the SeaQuest detector at Fermilab (E-1027) [2] . This approval combined with the extensive program for the measurement of transverse spin asymmetries in semi-inclusive deep inelastic scattering (SIDIS) processes that has been approved for early measurements with the JLAB 12-GeV upgrade [3] now allows for the timely execution of precision tests for "Collins Conjugation" [4] . This term describes the prediction that relates orbital distributions leading to transverse spin asymmetries measured in the Drell-Yan process to those measured in SIDIS, by Direct experimental comparisons testing this prediction have been identified as a high priority goal in hadron physics [5] . Precision tests of Collins Conjugation were also a major theme in both the QCD Evolution 2013 Workshop and the Opportunities for Polarized Physics at Fermilab workshop. Definitive experimental tests of (1.1) involve applications of the theoretical and phenomenological advances in the understanding of TMD evolution. Both the CSS [6] and EIS [7] formalisms are now up to the challenge of confirming or refuting this prediction. The technical aspects of TMD evolution, however, will not be discussed here. Instead, we will concentrate on the tools, including projection operators and superselection, brought into calculations and predictions of transverse single-spin asymmetries by Kane-Pumplin-Repko factorization.
The precise formulation of KPR factorization is based on the result of a calculation that can be found in Ref. [ 
that is characteristic of all parity-even single-spin asymmetries. Spin-directed transverse-momentum asymmetries of this type will play an important role in this discussion. Asymmetries in the remaining orthogonal component of transverse momentum parallel to the spin direction, here designated TS k , are odd under both parity and time-reversal and are highly suppressed in all scattering processes. (The Trento conventions [9] used to determine the experimental definitions applicable to such measurements contain a more complete set of definitions)
The authors of ref. [8] interpreted their calculation (1.2) within the framework of collinear factorization for hard processes and suggested in the conclusion of the paper that transverse single-spin asymmetries would vanish at large values of s . For several years, the suggestion was quoted [10] as a prediction of QCD. However, it is now apparent that this original interpretation was flawed. While subsequent studies confirmed that the KPR result (1.2) was not enhanced in higher orders of perturbation theory, Efremov and Teryaev [11] correctly argued that the KPR calculation was just one example of a twist-3 observable, one suppressed by a particularly unfavorable factor of / q m s , and proposed that other twist-3 operators with less suppression should instead be considered in the analysis of transverse spin asymmetries. In addition, a different interpretation of the KPR calculation was presented that leads to the following definition:
Kane-Pumplin-Repko factorization in QCD: In the limit 0 q m → there exists within QCD perturbation theory a symmetry that is strongly broken in the nonperturbative sector of the theory. The existence of this symmetry ensures that all parity-even single spin asymmetries in hard-scattering processes can be absorbed into the transverse-momentum dependence of hadronic distribution functions or fragmentation functions. [12, 13] Although the definition refers to transverse-momentum dependence of hadronic distribution functions or fragmentation functions, KPR factorization is quite distinct from TMD factorization. [6, 7] In fact, KPR factorization applies in processes in which there may not be TMD factorization but in which factorization still exists at the level of T k -integrated, collinear, distributions or fragmentations functions. This is because KPR factorization encompasses the full range of single-spin asymmetries that can be generated by higher-twist dynamical mechanisms, including those mechanisms discussed by Efremov and Teryaev [11] , Qiu and Sterman [14] , as well as those involving fragmentation processes presented by Metz and Pitonyak [15] . Indeed, KPR factorization allows for the normalization of the specific operators included in these higher-twist calculations within the framework of nonperturbative spin-orbit dynamics and the isolation of spin effects implied by KPR factorization means that the process dependence of orbital distributions and Boer-Mulders functions can eventually be understood within the extended universality of higher-twist effects found in collinear factorization. Theoretical challenges remain in the interpretation of these functions and their applications to processes without TMD factorization but it is certain that KPR factorization can help define the boundaries of the relevant phenomenology. In processes, such as DY and SIDIS, where TMD factorization is known to be valid, KPR factorization organizes and isolates the spin dependence of the calculations. As can be seen from the definition, strict application of KPR factorization requires that perturbative QCD calculations be executed with 0
This application can thus be justified for spin asymmetries in hard-scattering processes involving u or d quarks and, with some attention to possible corrections [16] to processes involving s quarks. In addition, the quark-mass dependent terms of single-spin asymmetries involving heavy (c,b,t) quarks can be calculated in QCD perturbation theory. However, it may be that spin-orbit dynamics introduces nonperturbative corrections even in these cases. In what follows, we will sometimes use the term "KPR isolation" instead of "KPR factorization" to emphasize both its distinction from and its compatibility with TMD factorization.
The arguments in Ref. [1] identify the underlying chiral invariance of perturbative QCD with 0 q m = as the origin of KPR factorization. However, in order to effectively use the concept in quantum field-theoretical calculations, it is necessary to more accurately describe the specific symmetry involved. To this end, it is helpful to observe that all single-spin asymmetries can be described as observables of the form, ; .
The operator, Ο , has been designated [17] the "snake operator" in recognition of the Siberian snake of accelerator physics invented by Derbenev and Kondratenko [18] .
The snake operator serves as a 3-dimensional Hodge dual form of the familiar parity operator, P,
The operator that defines the symmetry involved in the definition of KPR factorization is then the product of these two operators, τ Α = ΟΡ . The operator τ Α is sometimes designated "naïve time reversal" [19] or "artificial time reversal" [20] and can be seen to have the action;
;
The scalar observable, TN k , defined in Eqs. (1.3) -(1.4) can be seen to be an τ Α -odd quantity. As we shall describe later, the operator τ Α defines the specific symmetry in KPR factorization that is preserved in QCD perturbation theory with 0 q m = but is broken by the non-local spin-orbit dynamics found in confined or strongly-interacting systems.
The operators , , τ Ρ Ο Α have a group structure defined by , , consequence of the group structure is that parity-odd single-spin asymmetries involving hadrons inherit a process dependence engendered by the requirement that such asymmetries must also be τ Α -even. This process dependence must be considered when using spin-observables to probe for dynamics beyond the standard model with hadronic systems.
The operator τ Α has occasionally been confused with the actual time-reversal operator, T, of quantum field theory. In order to appreciate the application of KPR isolation or KPR factorization, it is convenient to keep in mind the following distinctions: 
where F is the fermion number operator. This distinction is important in understanding the connection between spin and statistics in quantum field theory. 3. τ Α -effects in QCD are very large compared to T-odd effects.
4. Spin-orbit effects are T-even and the transverse momentum observable
The fourth point is somewhat redundant but is included here because it is still sometimes misstated in arguments and calculations. In the next section, we will use the power of the projection operators,
to isolate the τ Α -odd dynamics of spin-orbit correlations from the τ Α -even dynamics involved in the hard scattering of a massless quark in order to define an orbital distribution function. Using (1.9), the operator τ Α can be represented by ˆy Σ which projects angular momentum normal to the x-z plane. This representation is, of course, basis dependent. In the transversity basis for a spin-1 2 particle:
While in the helicity basis: 0 0
The basis dependence leads to two equivalent projections. In the transversity basis we have: while in the helicity basis we write:
Feynman diagram calculations require the rotational invariance found in helicity amplitudes and Feynman diagram calculations of τ Α -odd effects often use the imaginary part of an individual diagram without explicitly verifying that it represents a spin-flip projection in the x-z plane. In addition, Feynman diagram calculations of τ Α -odd dynamics often calculate 0 M and F in different orders of perturbation theory and thus do not include both terms in the denominator of (1.14). The recent paper by Broksky, Hwang, Kovchegov, Schmidt and Sievert [21] discusses the analysis of such Feynman diagram calculations in more detail.
2.
The τ Α -odd dynamics of the pion tornado in the Georgi-Manohar Chiral Quark Model.
In order consider the implications of KPR factorization it is convenient to consider the application of the projection operators in the context of an explicit model. Therefore, we are going to illustrate the isolation of spin-orbit dynamics within a simplified version of the Georgi-Manohar [22] chiral quark model. We will start by considering a proton with spin oriented in the ŷ + direction and restrict attention to a configuration consisting of an 0 I = , 0 
that lead to a finite probability of resolving the "massive: constituent quark, U ↑ , into an ensemble of massless quarks and antiquarks. In particular, we focus attention on transitions where thepair is produced in a The sketch in Fig. 1 indicates how a positive nonzero expectation value of the operator describing the orbital angular momentum of the u-quark from this configurations ( )
might distribute the expectation value of momentum in the ( ) Combining the information contained in these figures, we can see that any u-quark density distribution that represents the difference between the proton spin (and, hence, the constituent U-quark spin) being oriented in the ŷ + direction compared to being oriented in the ŷ − direction can be defined in terms of 4 distinct ensemble averages. The different ensembles are indicated in the drawing of Fig. 3 . L and the momentum components of an orbiting quark as found in (2.7). The virtual gauge links provide a reminder that, in the absence of nontrivial initialstate or final-stage interactions, the net contribution to a hard-scattering event from these four ensembles will vanish.
The construction of the τ Α -odd effective distribution from the spin-orbit dynamics inherent in the pion tornado of the Georgi-Manohar chiral quark model demonstrates the usefulness of KPR factorization. The further analysis of the virtual transitions in this model presented in Ref. [23] includes phenomenological parameterizations of all the orbital distributions for quarks and antiquarks and of the Boer-Mulders [24] functions for quarks. At the level of virtual corrections defined by (2.4) the Boer-Mulders functions for antiquarks vanish. However, this is a specific feature of the Georgi-Manohar model that may not necessarily be realized in the experimentally-measured distributions. The isolation of nonperturbative dynamics provided by KPR factorization separates the intrinisic component of orbital distributions representing nuclear structure from the process-dependent dynamical component of orbital distributions. In the partonmodel limit rotational invariance requires the contributions from the four sectors to be equal. The kinematically-skewed ensembles constructed above require initial-state or final-state interactions in order to produce non-zero single-spin asymmetries. The process-dependence of orbital distribution is thoroughly discussed in refs. [17, 23] within the context of non-perturbative spin-orbit correlations. Depending on color flow, ISI and FSI involve a combination of shielding effects and deflections involving confining forces. To understand these properties in terms of gauge-invariant local operators requires the gauge link formalism as defined in [4, 25] . In this formalism the process dependence is determined by the gauge links that account for Wilson lines in scattering processes involving nonAbelian charges. The sketch of the ensembles representing the τ Α -odd orbital distribution 2 / ( , ; )
in Fig. 3 includes virtual gauge links to account for this incipient process dependence. In order to explore the connection between initialstate and final-state interactions with non-zero asymmetries we consider defining the asymmetries in terms of spin-directed momentum transfers. The reconciliation between the non-locality involved in the isolation of τ Α -odd dynamics and the gauge-link formalism requires an understanding of the spin-directed momentum transfers involved. Therefore, before turning to a discussion of Collins conjugation, we want to elaborate on some features of single-spin asymmetries that can clarify this concept.
QCD Evolution and Spin-Directed Momentum Transfers
The most convenient way to parameterize the τ Α -odd dynamics that is isolated by KPR factorization introduces the concept of a spin-directed momentum transfer. that is generated by spin-orbit correlations in the color rearrangement of the fragmentation process. At this point, it is appropriate to concentrate on orbital distributions. The value of the spin-directed momentum transfer approach is that it directs attention to the kinematic variables involved in the underlying spin-orbit dynamics. To see this we can apply the projection operators ± Α Π to the two independent spin-oriented quark distributions in a proton,
( , , ; ) ( , ) ( , ), 
At this point, we now define the quantity
and re-express (3.2) in the form:
In these expressions / ( ) 
The shape of the spin-averaged distribution
therefore plays a significant role in understanding the behavior of shows the corresponding behavior of ( )
This figure illustrates the close connection between the functional form of / ( , ) 
we get a fall-off of the asymmetry with the form, 1 ( ) 2
An important feature of the spin-directed momentum transfer is that, for distributions obeying TMD factorization, we can show that Since there is no preferred spin orientation in QCD perturbation theory, if we evolve the spin-dependent momentum transfer from a typical hadronic scale, This example serves to quantify the requirement for precision tests of Collins conjugation. The isolation of nonperturbative dynamics implied by KPR factorization has proved to be an important phenomenological tool. The lattice simulations of Musch et al. [34] strongly support the theoretical basis for this isolation. The theoretical basis for Collins conjugation is both consistent and compelling. However, it cannot be considered more than an interesting prediction unless it is verified experimentally. Therefore, stringent experimental verification of (4.1) or (4.4) is required to validate the idea that the underlying dynamical mechanisms leading to single-spin asymmetries can be calculated with a gauge field theory. The refutation of Collins conjugation would indicate that there are important aspects of hadronic physics that cannot be quantitatively described by QCD. Thus, the E-1027 experiment [2] has an opportunity to do something very important that can also lead to further discoveries.
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